Abstract Introduction The present study tested the hypothesis that at any given ambient temperature (Ta), thermal comfort (TC) is not only a function of the temperature per se, but is also influenced by the temperatures rate of change and direction. Methods Twelve healthy young (age: 23±3) male participants completed experimental trials where Ta increased from 15° to 40°C (heating) and then decreased from 40 to 15°C (cooling). In one trial (FAST), the rate of change in Ta 
Introduction
In Western societies, many people spend a great portion of their lives in uniform thermoneutral environments. Maintaining a thermoneutral environment throughout the year is energetically costly, as it requires the constant activation of heating, ventilation and air-conditioning (HVAC) systems.
Such a strategy for maintaining ambient conditions presents a significant financial cost in the industrial sector, especially when the requirement is thermal maintenance of large manufacturing halls. Although the optimal goal of installing a HVAC system is to establish conditions perceived as thermally comfortable by the workers/occupants, this is rarely achievable during all seasons of the year and particularly so during the extreme weather conditions that may arise during heat waves. For the purpose of evaluating the comfort of a given ambient, particularly within enclosed environments, Fanger (14) developed the most widely used thermal comfort index -Predicted Mean Vote (PMV) -which predicts the thermal perception of humans in a steady state thermal environment. It is accepted that thermal conditions may change, both temporally and spatially within a given environment (9) . In such environments, it is becoming clear that PMV does not seem to be an appropriate instrument for predicting the thermal sensation of the occupants (5, 16, 19, 27) . It has also been recognised that uniform thermal environments do not in fact ensure optimal thermal comfort (3, 21) . Further, they limit the thermal challenges that the body has to cope with, potentially leading to obesity and pathologies related to obesity (20) . A study performed in Finland revealed that people perceive greater thermal discomfort in offices -where temperatures are kept constanteither by feeling cooler or hotter more often than they do in their own home (21) . The study concluded that the likely reason for this was that the individuals have fewer opportunities to control their thermal environment at work (21) . Following these findings, the adaptive thermal comfort model was further developed to improve the accuracy of prediction of human thermal sensation in naturally conditioned buildings (8, 30) , which ensure greater control over the thermal environment (31, 40) .
Previously, our laboratory has demonstrated that thermal comfort is not established at a single skin temperature, but rather at range of temperatures, defined as the thermal comfort zone (TCZ). In a series of papers (6, 7, 42) , the TCZ was established in participants utilising a water perfused suit (WPS). While wearing the WPS, the participants were asked to regulate the temperature of the water flowing through the suit. Specifically, the participants were instructed to regulate the temperature to maintain thermal comfort, i.e. when the WPS temperature was perceived as uncomfortably warm, the participants would change the water temperature to cool and similarly whenever it was perceived uncomfortably cool, change the water temperature to heat. Since the water temperature
could not be maintained at a single temperature, but varied in a saw-tooth manner, the participants actively regulated the temperature throughout a one-hour experiment. This required constant behavioural action by the participants to ensure maintenance of thermal comfort. The points at which the participants changed the water temperature established the boundaries of their TCZ, including a range of temperatures, perceived as thermally comfortable.
The other approach used to identify the TCZ included exposing the participants to saw-tooth temperature changes in the WPS, ranging between 27 and 42°C, without allowing the possibility for the participant to control the temperature (Mekjavic et al. In preparation) . This range in the water temperature was considered to provoke sufficient, but not extreme thermal discomfort in the participants, enabling the establishment of their TCZ. While changing the WPS temperature between heating (going from 27 to 42°C) and cooling (going from 42 to 27°C), participants were asked to report their thermal (dis)comfort at every 3°C difference in the WPS temperature or whenever their comfort changed -going from comfortable to uncomfortable or vice versa. They also reported their thermal sensation at these temperature/time points. The interesting finding from the study was that the TCZ differed between the cooling and the heating phase of the experiment. The participants indicated that they were comfortable at a temperature range between 30 to 33°C during the heating phase and between 36 and 39°C during the cooling phase.
Our previous studies with the WPS were conducted to primarily test two main concepts:
i) thermal comfort is not achieved at a single skin temperature , but rather at a range of temperatures, defined as the TCZ, ii) apart from a variety of non-thermal factors, such as gender, age, fitness level etc., thermal comfort is also greatly influenced by the dynamics of the ambient temperature changes.
These concepts could be explained on the basis of the neurophysiology of temperature sensation and the theory of reciprocal inhibition of thermal afferent information, previously observed in the animal studies (12, 22) . To further investigate this idea, the present study set out to evaluate the thermal comfort of participants, exposed to triangular changes in ambient temperature (not in a WPS), ranging between 15 and 40°C, at two different rates of change (1°C.min -1 and 0.5°C.min -1 ). The exposure to direct ambient temperature, rather than a WPS was considered to create a more natural environmental setting. It was hypothesised that:
A C C E P T E D M A N U S C R I P T 5 I) when exposed to ambient temperature, fluctuating from heating to cooling and vice versa, the TCZ would be defined at different ambient temperatures during heating verses cooling;
II) the rate of change of the ambient temperature would affect the TCZ.
Methodology
The present study investigated thermal comfort and temperature sensation of twelve male participants exposed to continuously changing ambient temperatures (Ta), with ambient relative humidity maintained at 20%. Participants completed three trials, conducted on separate days. In each trial, the T a triangular profile once initiated, ranged from 15° to 40°C during heating and then decreased from 40 to 15°C (cooling). In one trial (FAST), the rate of change of temperature was maintained at 1°C.min -1 ( Fig. 1 , left panel) and in the other two trials (SLOW) at 0.5°C.min -1 ( Fig. 1 , right panel). The duration of both the FAST and SLOW trials was 150 min. In the FAST trial, three cycles (one cycle = one heating + one cooling phase) were conducted in the 150-min period, each cycle lasting 50-min. In the SLOW trial one and a half cycles were conducted in the 150-min period.
Participants conducted the SLOW trial twice; in one, the temperature profile started with the heating phase, and in the second with the cooling phase. The reason for conducting the SLOW temperature protocol in two trials was that conducting the same number of repetitions as in the FAST trial would extend the duration of the trial to 300 min. This would certainly influence the participants comfort, and would potentially introduce a greater contribution of fatigue to the results. Apart from randomising the order in which the participants entered the FAST and SLOW trials, the starting temperature (15 or 40°C) was also randomised between participants (Table 1) .
Upon arrival at the laboratory, participants donned shorts and were instrumented with sensors.
Before entering the climatic chamber, they rested quietly for 20-min, in an air temperature of 25°C.
When entering the climatic chamber (chamber air flow: 0.1±0.0°C m.s -1 ), they were immediately seated on a chair positioned on a weight scale for continuous recording of the loss of mass due to evaporation during the experiment. Once seated, the appropriate temperature profile was initiated.
Thus, minimising the time spent inside the climatic chamber at either 15 or 40°C while not under experimental conditions and therefore not allowing an influence of Ta on the participants TC.
A C C E P T E D M A N U S C R I P T During the experiments, participants were given computer tablets (iPad, Apple, USA) and were asked to complete a dedicated questionnaire regarding their thermal comfort and sensation every 3-min, or whenever they perceived a change in their perception of temperature. They were reminded to complete the questionnaire by an audible and visual timer as well as by a researcher. The thermal comfort scale included ratings of: 0 = comfortable, 1 = slightly uncomfortable, 2 = uncomfortable, 3 = very uncomfortable. The ratings on the temperature sensation scale were: -3 = cold, -2 = cool, -1 = slightly cool, 0 = neutral, 1 = slightly warm, 2 = warm, 3 = hot (2). Participants' mass was documented every 5-min. They were not allowed to drink during the 150-min trials. They were asked to sit calmly, without crossing their legs and/or arms. They were allowed to momentarily stretch during the experiment to avoid discomfort and to read or listen to music. ACCEPTED MANUSCRIPT 
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Participants
Twelve healthy Caucasian male participants were recruited to take part in this study (Age: 23±3 years; Height: 184±8 cm; Weight: 79±10 kg; Body mass index: 24±3 kg/m 2 ; Body surface area (10):
2±0.2 m 2 ; Maximal oxygen uptake: 48±5 ml/min/kg). They were all non-smokers, participating in at least one physical activity several times per week. Participants that had been exposed to extremes of hot or cold ambient conditions within one month prior to the study were excluded. Following familiarisation with the equipment and the study protocol, the participants gave their written consent for participating in the study, which was approved by the Republic of Slovenia's National
Committee for Medical Ethics at the Ministry of Health. Participants were requested to restrain from: i) heavy exercise, alcoholic drinks and longer exposures to hot or cold conditions throughout the study and ii) eating large meals and drinking coffee on the day of the experiment. The study was conducted within the same season (winter) to avoid the effect of seasonal variation on physiological responses.
Measurements
During the trials, core temperature (Tre) was continuously measured with a rectal probe (MSR Electronics GmbH, Switzerland) inserted 12 cm beyond the anal sphincter. Weighted mean skin temperature (Tsk) and heat flux (Q) were calculated using Ramanathan formula (32), based on four
skin sites. Data was sampled at 1-minute intervals and stored on a data logger Almemo Model 5990-2 data-acquisition system (Ahlborn GmbH, Germany). Proximal to distal skin temperature gradient, an index of skin blood flow (34) , were determined between the forearm and fingertip (ΔTf-f) and between the calf and toe (ΔTc-t) with thermistors (MSR Electronics GmbH, Switzerland). Based on the published data, the proximal to distal skin temperature gradient presents a valid qualitative measure of peripheral vasomotor tone (1, 23, 34) , significantly correlated to finger blood flow, measured with laser Doppler flowmeter. All sensors were attached to the skin by thin permeable tape (Tegaderm, 3M, USA). An Almemo 2590-9 weather station (Ahlborn, Holzkirchen, Germany)
was positioned in close proximity to the participants (at a height of 1.5 m) and provided information regarding the ambient temperature (Ta) and relative humidity (RH) inside the climatic chamber during the trials. Participants' weight was monitored with a weight scale with range and resolution of 300±0.1 kg (TPT 5N, Libela Elsi, Slovenia). Throughout the trial, oxygen uptake (VO 2 ; ml.min -1 ) was monitored and measured at minute intervals with a COSMED K4b2 system (COSMED Srl, Rome, Italy).
Statistical analysis
In the FAST and SLOW trials, three cycles (one cycle = one heating + one cooling phase) were performed to ensure stable and reliable data and to derive the coefficients of variation of the measurements between the cycles. Once the repeatability of the temperature data was assured for each participant, the cycles were averaged to ensure a clear interpretation of the results, namely only the averaged cycle (one heating and one cooling phase) of the FAST and SLOW rate was used for further analysis for each participant.
The ratings of 0 and 0.5 on the thermal comfort scale were considered to present individuals' thermal comfort. The participants' reports of thermal comfort throughout the FAST and SLOW trials were used to identify their TCZ during the heating and cooling phases of the trials. Therefore, the TCZ presents the boundaries within which the ambient temperature was considered thermally comfortable by each participant. The TCZ was used as a frame of analysed physiological responses, including the mean, range, highest and lowest measured values within this frame for each participant. The comparisons of these values for all participants were made between the FAST and SLOW trials and between the heating and the cooling phase of each trial.
Due to the non-normally distributed data, a Wilcoxon nonparametric test was performed considering p<0.05 as statistically significant. Physiological responses are presented as means ± SD, whereas subjective ratings are presented as medians (range). Statistical analysis was performed with the statistical program SPSS (version 20, IL, USA).
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The coefficient of variation between the three cycles in the FAST and SLOW trials was less than 10%
for each participant (on average around 5%), including the measurements of Ta, Tre and Tsk. With measurements repeatable between the cycles, all cycles were averaged into one, which was further analysed.
The chamber successfully maintained the temperature gradient between 15 and 40°C. Due to rapid changes, the participants experienced the ambient temperature between 16±1 and 38±1°C in their surrounding area during the trials.
Ambient temperature (Ta, °C)
Heating vs. cooling: In both, FAST and SLOW trials, thermal comfort was established at a lower mean Ta during heating compared to the cooling phase (Table 3 ). In the FAST trial, participants felt thermally comfortable within a Ta range between 22±4 and 30±4 °C during heating and between 25±3 and 33±3 °C during cooling (p=0.003). Whereas in the SLOW trial, the participants perceived thermal comfort within a Ta range of 21±3 and 33±4 °C during heating and 23±4 to 34±3°C during cooling (p=0.012). 
J
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Skin temperature (T sk , °C)
In the FAST trial, Tsk increased and decreased by ~2°C during heating and cooling, respectively (Figure 2A) , whereas in the SLOW trial, the change in Tsk was two times greater compared to that measured in the FAST trial ( Figure 2B ).
Heating vs. cooling:
FAST and SLOW heating established the TCZ at a lower mean Tsk (32.0±0.6°C and 31.9±0.8°C, respectively), compared to the FAST and SLOW cooling (33.6±0.6°C and 33.9±0.5°C, respectively, p=0.002). Accordingly, the lowest and the highest Tsk measured within the TCZ were lower during heating compared to cooling, in both FAST and SLOW trial s (p=0.002, Figure 2A , B). 
Heat flux (Q, W.m -2 )
During the exposure to the highest Ta Figure 2C ). In the SLOW trial, no difference between the heating and cooling phases was observed (p>0.05, Figure 2D ). 
Oxygen consumption (VO 2 )
During the trials, thermal discomfort did not affect the oxygen consumption ( Figure 2I, J) .
Heating vs. cooling:
In the FAST and SLOW trials, VO 2 was similar between the heating (FAST: 432±66 ml.min -1 , SLOW: 455±72 ml.min -1 ) and cooling phase (FAST: 440±65 ml.min -1 , SLOW: 466±77 ml.min -1 , p>0.05).
Fast vs. slow rate:
During the heating and the cooling phase, no differences in VO 2 between the FAST and SLOW trials were reported ( Figure 2I , J, p>0.05).
Weight loss (g)
Throughout the trial, participants lost 220±60 g in the FAST and 204±60 g in the SLOW trial, indicating no difference in terms of weight loss between the trials. Weight loss indicated a linear trend throughout the experiment, with no difference between the phases of thermal comfort and discomfort. Weight changed similarly during heating and cooling phase at the FAST and SLOW changes of Ta.
Subjective reports
The analysis and presentation of the results above were conducted on the basis of the thermal comfort ratings (0 and 0.5), provided by the participants. Ratings of 1 represent slight discomfort and were therefore not included. At thermal comfort ratings of 0 and 0.5, participants perceived the ambient temperature as neutral.
Discussion
The main finding of the present study is that thermal comfort is influenced not only by the absolute temperature, but also by the direction and the rate of change of the ambient temperature. In the present study, thermal comfort was established at different ambient temperatures during FAST (22 -30°C) and SLOW (21 -33°C) heating and during FAST (25 -33°C) and SLOW (23 -34°C) cooling. In general, it was observed that heating established the TCZ at lower ambient temperatures, compared to cooling. The difference between the heating and cooling phases in preferred Ta was greater during the FAST changes in the ambient temperature, indicating that the rate of change contributes significantly to the establishment of human thermal comfort.
Several studies have focussed on the issue of thermal comfort in transient temperature conditions, including cyclical (triangular or sinusoidal) temperature fluctuations, drift and ramp variations (11, 18, 25, 26, 33, 36) . The temperature variations in these studies varied from 0.5 to 5°C.h -1 , with the investigated thermal transience designed to simulate real world scenarios. The aim of these above studies was to assess whether thermal comfort can be better achieved in a thermally transient environment in a manner that would reduce the energy consumption, required by HVAC systems, ultimately reducing the cost and carbon footprint. In contrast to these studies, the aim of the present study was to determine whether thermal comfort would be affected by the direction and rate of change in the Ta and whether this could be explained on the basis of the neurophysiology of temperature perception. As observed, the TCZ was significantly affected by the direction (heating vs.
cooling) at both rates of change (FAST vs. SLOW) in Ta.
Neurophysiological correlates of the perception of thermal comfort
The present results support our previous hypothesis regarding the neurophysiological basis for the (29), it would appear that it may be more relevant as a neurophysiological correlate of behavioural temperature regulation, specifically the perception of thermal comfort.
Autonomic thermoregulatory responses during the experiment
Previous studies have shown that the skin temperature contributes greatly to perception of thermal comfort, consequently driving our behaviour, whereas the core temperature is predominantly responsible for activating the autonomic responses (15, 38) . The present study observed no change in the core temperature, concomitant with stable oxygen consumption and weight loss throughout the trial. Based on these results it would appear that participants were in their thermoneutral zone (TNZ) throughout the trial, presenting a range of Ta without regulatory changes in metabolic heat production or evaporative heat loss (24, 28) . Although participants were exposed to a wide range of Ta, the variation seemed to be fast enough not to induce any change in metabolic heat production or heat loss. The changes in the Ta were however evident in the alteration of the skin temperature and 
Practical implications of the present study
The findings of the present study suggest that when evaluating and/or designing thermal environments, the dynamics of the Ta change can significantly affect the establishment of the TCZ and therefore needs to be considered. The experimental arrangement of the present study does not represent an everyday-life scenario, as the changes in the Ta were greater than one would normally experience. In everyday-life situations, individuals would most likely have the ability to thermally behave if subjected to these temperatures. Nevertheless, the observed findings could serve as a recommendation when designing thermal environments. As there is an evident trend towards lowering the energy consumption required by HVAC systems, future studies should aim to evaluate the actual energy savings, when introducing transient environments in naturally ventilated buildings.
Considering our findings, the thermal environments could be designed with fluctuating rather than uniform Ta, allowing natural drifts in one direction and activation of HVAC systems in the other, both within the TCZ. This area still needs further investigation, as mentioned, also considering the actual energy savings.
Considerations and limitations
As participants were dressed only in shorts with no socks, a vasoconstriction observed in the feet could potentially affect the overall comfort throughout the trial. However, as the repeatability of the physiological and subjective responses was good between the cycles throughout the trial, it is not likely that potential discomfort due to cold feet could have influenced the observed findings of the study.
The participants were instructed to refrain from heavy exercise and alcoholic drinks during the study and from eating large meals and drinking coffee on the day of the experiment. However, they were not instructed to consume standardized meals on the days of the measurements, which would further improve the consistency of the study.
As expected, we observed an overshoot in the measured physiological responses when changing the direction of the T a , potentially affecting the ratings of thermal comfort at these time points.
However, as the change in the direction of Ta occurred at 15 and 40°C which was outside the participants' TCZ, it is likely that by the time the participants TCZ was re-established, the measured physiological parameters would no longer be in hysteresis.
The present study was conducted on healthy young male participants and this may not reflect the responses of females or other population groups. This is of particular concern when considering the management of environmental conditions within spaces occupied by a more varied and typical sample of the population, including elderly, children and infirm individuals.
A C C E P T E D M A N U S C R I P T 21 Highlights
 Thermal comfort is influenced by the direction and the rate of change of the ambient temperature.  Heating established thermal comfort zone at lower ambient temperatures, compared to cooling.  The difference in the thermal comfort zones between the heating and cooling was more pronounced at faster changes in the ambient temperature.
